Pressure-composition isotherms of TiC 1Àx -H system were measured at 773, 873 and 973 K over a pressure range from 10 À2 to 10 5 Pa. The obtained isotherms could be divided in three concentration regions. In the low concentration region in which ½H=½TiC 1:4 Â 10 À3 , Sieverts' law held, and the solubility of hydrogen clearly increased with decreasing temperature. The enthalpy of solution was À70 AE 5 kJ mol À1 . In the region in which 1:4 Â 10 À3 < ½H=½TiC 8:0 Â 10 À3 , the dependence of hydrogen concentration, C H , on pressure and temperature weakened as pressure increased. Finally, C H was independent of temperature when it reached 8:0 Â 10 À3 . This C H was comparable with the concentration of carbon vacancies in TiC 1Àx . In the high concentration region in which ½H=½TiC ! 8:0 Â 10 À3 , Sieverts' law held again, but the solubility of hydrogen was almost independent of temperature. These observations indicated that hydrogen dissolved in carbon vacancies in the low and middle concentration regions with the above-mentioned value of enthalpy of solution, and also occupied much less stable sites in the high concentration region. [
Introduction
Monocarbides of group 4 and 5 metals (TiC, ZrC, HfC, VC, NbC and TaC) have unique properties such as high chemical and thermal stabilities and extreme hardness. [1] [2] [3] These carbides in carbon-deficient compositions (MC 1Àx in which M indicates group 4 or 5 metal) absorb hydrogen and form carbohydrides. [4] [5] [6] [7] Hence, these carbides can be potential candidates for functional materials in the field of hydrogen energy. For example, Hatano et al. 8) have reported that NbC acts as intermediatelayer to improve high temperature stability of thin Pd layer in Pd-Nb-Pd composite membrane for hydrogen separation as well as Nb 2 C. Gringoz et al. 9) have recently found that hydrogen can be electrochemically charged and discharged in TiC 0:6 even at room temperature up to 2.9 mass%; TiC 0:6 can be a potential candidate for hydrogen storage material. For these applications, i.e., hydrogen separation and storage, high hydrogen solubility and diffusivity are preferable. A detailed understanding of mechanisms underlying hydrogen dissolution and diffusion is required for the design of materials with large solubilities and diffusivities.
The site occupation of hydrogen and deuterium atoms in carbohydrides or carbodeuterids has been examined with Xray and neutron diffraction techniques. 5, [10] [11] [12] [13] The monocarbides of group 4 and 5 metals have NaCl-type cubic structure in which metallic atoms form fcc arrangement and carbon atoms occupy octahedral interstitial sites. [1] [2] [3] The cubic structure is maintained after hydrogen absorption if carbon concentration is not too low. [4] [5] [6] [7] 9, 13) Several researchers examined substoichiometric carbohydrides and cabodeuterides of Ti, 10) Zr 5) and Nb 13) [M(C,H) 1Àx and M(C,D) 1Àx ]. All of them reported that hydrogen isotopes occupied octahedral sites of the cubic structure corresponding to carbon vacancies, 5, 10, 13) although displacement from vacancy center to 4e site was observed for NbC 0:71 H 0:28 . 13) Deuterium in stoichio-metric carbodeuterides, i.e., ZrC 0:7 D 0:3 and Ti 0:66 Zr 0:33 C 0:64 -D 0:36 , also occupied carbon vacancies (octahedral sites). 12) These observations indicated that carbon vacancies act as dissolution sites for hydrogen atoms. On the other hand, as previously mentioned, Gringoz et al. 9) reported the hydrogen absorption by TiC 0:6 up to 2.9 mass% corresponding to the composition of TiC 0:6 H 1:6 or Ti(C,H) 2:2 . The concentration of carbon vacancies is insufficient in this case to accommodate such large amount of hydrogen, and hence this observation suggests the presence of other dissolution sites. Renaudin et al. 11) examined the site occupation of deuterium in superstoichiometric Ti carbodeuteride [Ti(C,D) 1þx ] in the cubic structure and reported that deuterium occupied both octahedral and tetrahedral sites.
In contrast to the extensive studies on site occupation, only few papers have been published on the thermodynamics of hydrogen dissolution, and they are in apparent discrepancy. Caorlin et al. 14) have examined the dissolution of hydrogen in TiC coating prepared by chemical vapor deposition technique on molybdenum alloy by a volume modulation technique and reported that hydrogen dissolution in TiC is endothermic process (the enthalpy of solution is positive). Renaudin et al., 11) however, examined desorption of deuterium from superstoichiometric carbodeuteride by thermogravimetry (TG) and differential thermal analysis (DTA) and reported that deuterium desorption was endothermic process. In other words, hydrogen dissolution in TiC is exothermic process (the enthalpy of solution is negative) according to Renaudin et al. 11) Hydrogen absorption by carbides on cooling was also reported, 5, 6) and these observations indicate exothermic dissolution of hydrogen in the carbides. Thermodynamic parameters such as entropy and enthalpy of hydrogen solution have not been evaluated in these studies except the investigation of Caorlin et al. 14) that shows opposite tendency. In the case of metal-hydrogen systems, it is common to measure pressure-composition (PC) isotherms to determine thermodynamic parameters. The isotherms of carbide-hydrogen systems, however, have been scarcely examined.
In the present study, PC isotherms for absorption of TiC 1Àx -H system were measured at 773, 873 and 973 K over an equilibrium H 2 pressure range from 10 À2 to 10 5 Pa. It was found that hydrogen atoms occupied two different types of sites with different enthalpies of solution. The first type of site was assigned to be carbon vacancies (octahedral sites). The hydrogen dissolution in this site was exothermic process, and the enthalpy of solution was À70 AE 5 kJ mol À1 . In the case of the second type of site, the enthalpy change induced by hydrogen dissolution was very small, and the temperature dependence on solubility was negligible under the present conditions. Figure 1 shows a schematic diagram of a vacuum apparatus used for measuring PC isotherms. The apparatus was equipped with a quadrupole mass spectrometer (QMS), ionization gauge (IG), capacitance manometer (CM), hydrogen gas reservoir, reaction chamber made of quartz glass and gas inlet line. Three different types of CM were used to cover a wide pressure range; full scale and accuracy of reading were 13.3 Pa and 0.5%, 1.33 kPa and 0.25%, or 0.133 MPa and 0.25%. The volume of hydrogen gas reservoir and reaction chamber was measured prior to the experiments, and the total volume of them was 172:7 AE 1:4 cm 3 . The system was evacuated to 10 À6 Pa by a turbo-molecular pump and an oil-sealed rotary pump. The apparatus was surrounded by plastic sheets like a green house to minimize the influence of fluctuation of room temperature; the variation of apparatus temperature during absorption experiments was kept within AE0:5 K. Two grams of specimen powder described below was set in the reaction chamber and heated with an electric furnace from the outside. The temperature of the chamber was measured by a thermocouple attached to the outer surface. The purity of hydrogen gas used was 99.99999%.
Experimental Methods
Pressure-composition isotherms were measured at 773, 873 and 973 K by a constant volume method. First, the specimen powder was heated in vacuo for degassing. Elevation of the specimen temperature resulted in significant release of gas with a mass number of 28, i.e., CO and/or N 2 . The specimen temperature was gradually increased to 1323 K and maintained at this value until the pressure in the apparatus dropped below 10 À4 Pa. When the temperature was adjusted to 773, 873 or 973 K, the pressure in the apparatus decreased to background level (10 À6 Pa). After isolation of the reaction chamber and reservoir from the pumping system by closing the valves, H 2 gas was introduced into the reaction chamber through the reservoir to measure PC isotherms for absorption. The amount of H 2 gas introduced was quantified in the reservoir prior to the measurements. The specimen was heated in vacuo at 1373 K after each measurement for degassing until the pressure in the apparatus dropped below 10 À4 Pa. Desorption of hydrogen was also examined by heating the specimen under isolated conditions to 973 K.
The specimen used was powder of TiC supplied by Kojundo Chemical Laboratory Co., Japan. The nominal purity of the specimen powder was 99%, and Table 1 lists the major metallic impurities. The contents of carbon and impurity oxygen and nitrogen in the specimen were measured by a combustion method (carbon) and fusion method (nitrogen and oxygen) after the degassing treatment in vacuo at 1373 K and after the isotherm measurements. No significant difference was observed between the two conditions, and the composition of specimen powder was either TiC 0:958 N 0:017 O 0:022 or Ti(C,N,O) 0:997 . By assuming that nitrogen and oxygen substitute for carbon, the concentration of carbon vacancies in the specimen was evaluated to be 3 Â 10 À3 . The result of X-ray diffraction (XRD) analysis just after the degassing treatment is shown in Fig. 2 . The specimen had NaCl-type cubic structure, and the lattice constant was 0.4324 nm. This lattice constant value is significantly smaller than that of TiC 1:0 reported in literature (0.43280 nm) 1) although the concentration of carbon vacan- cies in the present specimen was relatively low. The smaller lattice constant was ascribed to the presence of impurity nitrogen and oxygen those are known to lower the lattice constant. 1) Nevertheless, no peaks of second phase such as Ti oxides were observed. The size of powder particles ranged 1 to 10 mm.
3. Results Figure 3 shows typical examples of absorption curves obtained at 773, 873 and 973 K with initial pressure of 700 Pa. The pressure of H 2 , P H 2 , clearly decreased due to absorption by the specimen. It took several tens of hours to attain equilibrium at 773 K. As expected, the duration of time necessary to attain equilibrium decreased with increasing temperature, T, and it was several hours at 973 K. The equilibrium P H 2 decreased with decreasing T as shown in this figure. These observations indicate that dissolution process of hydrogen in TiC is exothermic process and agree with the report of other researchers 5,6,11) except Caorlin et al. 14) A typical result of desorption experiments is shown in Fig. 4 . In this case, hydrogen was introduced into the specimen at 873 K up to ½H=½TiC ¼ 9 Â 10 À3 . Then, the specimen was cooled down to room temperature, and hydrogen gas remaining in the chamber was pumped out. After isolation of the reservoir and reaction chamber from the pumping system, the specimen was heated up to 973 K. As shown in this figure, P H 2 increased with increasing T due to desorption of hydrogen. These observations indicate that (1) the presently used TiC specimen could reversibly absorb and desorb hydrogen at temperatures examined and (2) desorption of hydrogen from TiC is endothermic process. Figure 5 shows PC isotherms. In contrast to common isotherms for metal-hydrogen systems, the abscissa of this figure indicates P H 2 , and the ordinate indicates composition (molar fraction of H to TiC). These isotherms could be divided in three concentration regions. In the region in which ½H=½TiC 1:4 Â 10 À3 , the C H in TiC was proportional to square root of pressure, i.e., it followed Sieverts' law 15) as commonly observed when hydrogen dissolves in metals to form solid solutions. The C H also showed clear temperature dependence and increased with decreasing temperature. In the region in which 1:4 Â 10 À3 < ½H=½TiC 8:0 Â 10 À3 , the pressure dependence of C H was much weaker. Interest-ingly, temperature dependence also weakened as P H 2 increased, and [H]/[TiC] reached 8:0 Â 10 À3 at 12 kPa and all temperatures examined. In the region in which ½H=½TiC ! 8:0 Â 10 À3 , the C H was again in proportion to square root of P H 2 . The temperature dependence, however, was negligibly small in this region.
After the measurements of PC isotherms, the specimen was degassed at 1373 K and examined by XRD. There was no noticeable difference between diffraction patterns before and after isotherm measurements.
Discussion
In the region in which ½H=½TiC 1:4 Â 10 À3 , C H in TiC followed Sieverts' law. Such pressure dependence indicates dissociative absorption and recombinative desorption of hydrogen by TiC. In the middle concentration region, C H reached 8:0 Â 10 À3 at all temperatures examined. These observations suggest the concentration of the sites accommodating hydrogen atoms in these concentration regions was limited to around 8 Â 10 À3 . As described above, it is known that hydrogen occupies carbon vacancies (octahedral sites) in TiC in substoichiometric composition. In addition, the maximum C H obtained in the middle concentration region, 8:0 Â 10 À3 , was close to the concentration of carbon vacancies evaluated from the result of composition analysis, 3 Â 10 À3 . The concentration of latter was slightly smaller than the former. Nevertheless, the concentration of carbon vacancies might be underestimated. The specimen for composition analysis was transported through air after degassing treatment and isotherm measurements. Uptake of oxygen and nitrogen by the specimen powder from air could result in overestimation of contents of these impurities. It is therefore appropriate to consider that hydrogen atoms occupied carbon vacancies (octahedral sites) in the low and middle concentration regions. The deviation from Sieverts' law observed in the middle concentration region could be ascribed to the saturation of carbon vacancies by hydrogen atoms.
When C H is sufficiently low and Sieverts' law holds, the temperature dependence of C H can be expressed as follows: 16) 
where K S is solubility (Sieverts' constant); ÁS and ÁH are entropy and enthalpy of solution, respectively; and R is gas constant. If the concentration of sites accommodating hydrogen atoms, C S , is significantly lower than unity, eq. (1) can be rewritten as:
By plotting ln K S against 1=T, the entropy and enthalpy of solution can be evaluated from the intercept and slope, respectively. Figure 6 depicts such a plot, constructed with data in the low concentration region. The enthalpy of solution was À70 AE 5 kJ mol À1 . As previously discussed, this value should correspond to the hydrogen solution in carbon vacancies (octahedral sites). Interestingly, the presently obtained value of ÁH was more negative than that in metallic Ti (À53 kJ mol À1 in hcp phase and À60 kJ mol À1 in bcc phase). 17) Assuming C S ¼ 8:0 Â 10 À3 , ÁS=R was À6:3. This value of ÁS=R was comparable with that obtained for hydrogen dissolution in various metals. 16) The major contribution to ÁS comes from the vanishing of the entropy of a gas, 16) and therefore ÁS=R should not be sensitively dependent on host materials. Hence, this agreement of ÁS=R with various metals supports the proposed mechanism of hydrogen dissolution in low and middle concentration regions.
In the high concentration region in which ½H=½TiC ! 8:0 Â 10 À3 , C H started to follow Sieverts' law again, but temperature dependence was negligibly small. These observations indicate that hydrogen was dissociatively absorbed in TiC also in the high concentration region but accommodated in different type of site with very small jÁHj. As previously mentioned, two types of sites other than octahedral sites accommodate hydrogen atoms. One is tetrahedral site; Renaudin et al. 11) reported that deuterium atoms in superstoichiometric Ti carbodeuteride occupied both octahedral and tetrahedral sites. Another is the displaced 4e site reported by Skirpov et al. 13) for NbC 0:71 H 0:28 . The dissolution of hydrogen in 4e sites, however, was not observed for Nb carbides with lower vacancy concentrations, i.e., NbC 0:76 and NbC 0:81 . The concentration of carbon vacancies in the present specimen was much less. Therefore, the dissolution of hydrogen in tetrahedral sites is more likely. The very small jÁHj could be one of the reasons that hydrogen absorption up to overstoichiometric composition [Ti(C,H) 1þx ] was not obvious in the previous studies. 4, 5, 7, 13) Caorlin et al. 14) examined the interaction between H 2 gas and TiC coating prepared on molybdenum alloy by a volume modulation technique at temperatures from 883 to 1083 K and equilibrium pressures from 4 to 74 Pa. According to their work, dissolution of hydrogen in TiC is endothermic process and ÁH ¼ 21:53 kJ mol À1 . 14) One of the possible explanations for this clear discrepancy is the unique pressure dependence of C H in TiC observed in the present study. Caorlin et al. 14) analyzed their data under the assumption that Sieverts' law held under their experimental conditions. As discussed above, this assumption could be wrong if the C H in TiC is close to the concentration of carbon vacancies. It is, however, difficult to discuss in detail because the concentration of carbon vacancies is not described in their paper.
In the previous study, the diffusion coefficient of hydrogen in the same TiC specimen was evaluated from absorption curves; the values obtained were 6 Â 10 À17 m 2 s À1 at 773 K, 2 Â 10 À16 m 2 s À1 at 873 K and 1 Â 10 À15 m 2 s À1 at 973 K. 18) The equilibrium H 2 pressures examined in the previous study ranged 10 to 50 kPa. Therefore, the above-mentioned values of diffusion coefficient were obtained under conditions in which the C H was close to the concentration of carbon vacancies. Gringoz et al. 9) evaluated the diffusion coefficient of hydrogen in TiC 0:6 from cyclic voltammograms measured at room temperature and obtained a value of 3 Â 10 À16 m 2 s À1 . Interestingly, the diffusion coefficient of hydrogen in TiC 0:6 at room temperature 9) was significantly larger than that in Ti(C,N,O) 0:997 at 773 K. These observations suggest that diffusion coefficient of H is sensitively dependent on the concentration of carbon vacancies. Indeed, Gringoz et al. 9) also examined TiC 0:9 and observed no noticeable hydrogen absorption. They ascribed this clear difference to the presence or absence of long-range ordered carbon vacancies, 9) and this model can also explain the difference between TiC 0:6 and the presently used Ti(C,N,O) 0:997 .
The concentration of carbon vacancies affects lattice constant 1) and electronic structure 19) of the carbides. Hence, not only diffusion coefficient, but also thermodynamic parameters for hydrogen dissolution might vary with carbon Fig. 6 Temperature dependence of hydrogen solubility in TiC specimen. vacancy concentration. Further investigation of the correlation between carbon vacancy concentration and thermodynamic parameters might indicate optimum composition of carbides for practical applications such as hydrogen separation and storage.
Conclusions
Pressure-composition isotherms of TiC 1Àx -H system were measured at 773, 873 and 973 K and equilibrium pressures from 10 À2 to 10 5 Pa. Hydrogen exothermically dissolved in carbon vacancies at pressures below 10 4 Pa. When hydrogen concentration was sufficiently low, its pressure dependence followed Sieverts' law, and the solubility clearly increased with decreasing temperature. The enthalpy of solution was À70 AE 5 kJ mol À1 . Deviation from Sieverts' law became obvious when the C H approached the concentration of carbon vacancies due to saturation of the vacancies. In the high pressure region (above 10 4 Pa) in which the C H exceeded the concentration of vacancies, Sieverts' law held again, but the temperature dependence of solubility was negligible. These observations indicated that hydrogen occupied also much less stable sites in the high pressure region.
